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Abstract

The Ulysses mission explored for the first time our heliosphere at all latitudes up to * 80 and

therefore has been an ideal mission to study potential gradients in heliolatitude (and radial

distance) of discontinuity occurrence rates and types, Directional discontinuities (DDs) are

shown to be dependent on the type of solar wind streams that they are embedded in. There are 5

to 10 times as many DDs in high-speed streams as in slow speed streams. The explanation is

that rotational discontinuities (RDs) are the phase-steepened edges of Alfv6n waves. The

nonlinear Alfw% waves in high-speed streams have ~/BO -1-2, and are arc-polarized

spherical waves. Dissipation at these “intermediate shocks” (the RDs) have been sought, but not

found. An e-@-lYsdecrease in discontinuity rate with increasing radiai distance (R) is partially an

artifact of the selection criteria (discontinuity thickening), but dissipation at a relatively slow rate

is also a possible contributor. There is no obvious latitudinal gradient in discontinuity types or

occurrence rates: Somewhat surprisingly, TDs are detected at high latitudes. These have been

associated with the edge of mirror mode structures and interfaces in the gradients of

rnicrostreams. A pair of slow shocks were detected at 5.3 AU. The speeds are similar to fast

mode shock speeds. When Alfv4n waves in high-speed streams impinge upon the Earth’s

magnetosphere, near continuous occurring substorms (called HILDCAAS) occur, leading to the

pumping of an extraordinary amount of energy into the nightside ionosphere. Current

discontinuity and Alfv4n wave research problems are discussed.



INTRODUCTION

One of the fundamental microstructure present in the solar wind are directional discontinuities

(DDs): sharp angular changes in the interplanetary magnetic field directionality (Burlaga, 1971).

Theoretically, there can be several different types: rotational(RDs), tangential (TDs), shocks

(fast, intermediate and slow), and contact discontinuities (CDs). CDs are not of particular

interest for space plasmas, and therefore will not be covered here. The purpose of this paper is to

discuss the new discontinuity results obtained from the Ulysses magnetic field and plasma data

sets in context with previous results. In this review, RDs, TDs and slow shocks, will be covered.

Fast shocks is a very broad topic and would be best left for a separate review article.

Figure 1 gives the properties of the four types of discontinuities, as discussed in Landau and

Lifschitz (1960). This Figure illustrates the properties that can be used to distinguish the various

types of discontinuities from one another. Tangential discontinuities have no mass flux flow

across their surface. TDs can be thought of as a surface separating two different types of

plasmas and is ideally infinite in extent. The field direction and magnitude can be different on

the two sides as well as plasma densities, temperatures and even composition (H+, He+, OW+7).

TDs can be identified by the lack of a magnetic field normal (H. = O) across their surface. RDs

have mass flow across their surfaces, nonzero magnetic field normal components, and for

isotropic plasmas (however, see Hudson, 1964), the transverse component of H is constant ([H~]

= O). RDs ideally have large field normal components and no changes in magnetic field

magnitude, Shocks have mass flow across their surfaces, and neither the magnetic field normal

component nor the transverse component need be conserved,

DD Radial and Latitudinal Gradients

The topics of radial and latitudinal gradients of DDs are important towards understanding their

generation mechanisms and their evolution. For example, if TDs are dissipated/broadened

through magnetic reconnection, or if RDs are dissipated through coupling to other

electromagnetic or electrostatic modes (which are then in turn damped), these processes could

have profound effects on the evolution of the solar wind plasma, and hence the heliosphere. TDs

are thought to separate dissimilar plasmas and can be interplanetary markers of structures

convected from the sun or its corona. RDs and Alfw% waves contribute to the scattering of solar

energetic particles and cosmic rays,
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There has been a controversy about the gradients

Mariani et al., 1973; Behannon, 1978; Tsurutani

in occurrence rate of DDs (Burlaga, 1971;

and Smith, 1979; Lepping and Behannon,

1986). Much of the problem (and dispute) come from the difficulty in separating latitudinal

effects from radial distance effects. The Ulysses spacecraft, which first went from 1 AU to 5

AU, and with a Jupiter gravity assist, to -80° latitude and finally to +80° latitude, was ideal to

address this problem, Ulysses provided a full coverage of heliographic latitudes, and as we shall

see, will allow a resolution to this problem.

There are two computerized methods of detecting DDs, one by Tsurutani and Smith (1979)

hereafter called TS and another by Lepping and Behannon (1986) hereafter called LB. For large

statistical studies it is necessary to identify DDs by computer analyses, as tens of thousands of

discontinuities are often used (however, for determination of discontinuity type, no one has been

able to automatic this yet). The TS criteria require a field directional change of &/ 1B 120.5

and IABI greater than 2cJ when 62 is the variance on either side of the discontinuity. These

criteria are applied to 1-rein vectors when the two 1-rnin vectors being intercompared were

separated by 3-rein. This vector separation allows for discontinuities with “thicknesses” as large

as 60s to be detected without bias. The LB criteria (slightly modified from the original method)

require that field directional change between vectors be at least 30°, or 6 = Cos-1

(El ofi2)/ IBI IIB2 1230°. El and ~2 are by standard convention, the upstream and

downstream field vectors. These criteria were applied to l-rein averages with El and ~2

separated by 2 min. For more details concerning the methods of selection, we refer the reader to

the original articles.

TDs and RDs are schematically shown in Figure 2, As mentioned before, TDs can be thought of

as infinite sheets separating dissimilar plasmas and fields. RDs can be thought of as sharply

kinked Alfv6n waves, a topic which we will come back to later.

Figure 3, from Tsurutani et al, (1996a) shows the radial gradient of DD occurrence rate from 1 to

5 AU. Ulysses was in the ecliptic plane. The vertical scale is the normalized number of

discontinuities per day, using 0.2 AU internal bins (the normalization takes data gaps into

account). The TS and LB rate of interplanetary discontinuities (ROID) values are different

(because of the slightly different criteria), but show the same general trend. Both plots show a

gradual decrease in rate of occurrence with increasing radial distance. Both plots have been

fitted by exponential curves. TS is best fit with e‘(’-l)/sdependence where r is measured in AU.

LB is best fit by a e‘(’-’)fldependence. This result is a confirmation of previous radial gradient
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results of TS and LB, and has been explained partially as an effect of increasing discontinuity

thickness with decreasing magnetic field strength (with increasing radial distance from the Sun).

Some of the “thickened” discontinuities therefore fall outside the computerized selection criteria.

Some part of this ROID decrease might also be due to the potential dissipation of discontinuities.

A new criterion based on the orientation of the discontinuity, speed of the solar wind and

magnetic field strength is needed to make further progress on this topic of potential dissipation.

The TS and LB ROID values are given in Figure 4 as Ulysses goes from the ecliptic plane to

-80” latitude. The proton densities, temperatures and solar wind velocities are shown in the top

three panels. Next is the interplanetary magnetic field (IMF) IBI,TS and LB ROID values, and

lastly the Ulysses position in radial distance and heliolatitude, The spacecraft moves closer to

the sun as it goes toward the pole (one can observe some radial dependence in the TS and LB

ROID plots).

An important point to note in this figure is ‘that the ROID value depends strongly on the type of

stream structure that Ulysses encounters. From July 1992 through April 1993, there are

recurring high-speed streams (Phillips et al,, 1994) associated with a coronal hole that is centered

at the south pole of the sun. The TS and LB ROID values increase and decrease in coincidence

with the speed of the solar wind. A typical ratio of the ROID value in a high-speed stream to

that outside the stream is -5:1 to 10:1.

After August 1993, Ulysses was permanently embedded in a high-speed stream with V~W= 700-

800 km S-l. The TS ROID value remained between 80 and 100 discontinuities day-l. Thus there

is a stream dependence on the ROID values which overrides any latitudinal gradient that may be

present. We wili focus on this fust-order dependence.

Alfvh Waves and Discontinuities

In parallel with the discontinuity work, it was found that the high-speed wind was characterized

by the presence of large-amplitude nonlinear Alfv6n waves (Tsurutani et al., 1994; Smith et al.,

1995; Balogh et al., 1995). Such a dependence could have been inferred from in-ecliptic date a

long time ago (Belcher and Davis, 1971), but stream-stream interactions tended to cloud the

issue. Figure 5 illustrates these fluctuations in the three velocity and three magnetic field

components. The dates were taken when Ulysses was 2.8 AU from the sun at a heliolatitude of

–70”. The data are presented in the RTN coordinate system, where R is radially outward from
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the sun, ~ is defined by (fix ~)/ Iax k 1,where h is the solar rotation axis, N completes the

right-hand system. Note that the scale for V~ is different than the other two components of

velocity. Ignoring the large-amplitude, slow -3-day variations in V~ and concentrating on the

higher frequency components, we note that I& I/ IB I is typically -1 to 2, indicating that these

waves are highly nonlinear.

Belcher and Davis (1971) used ~- ~ cross correlation analyses to identify Alfv6nic fluctuations

in the interplanetary medium, and noted that the sign of the correlation coefficient determines the

direction of wave propagation, Figure 6 are the cross-correlation results of the R, T and N

components of ~ and ~ of Figure 5, We note a peak correlation coefficient at zero lag with

values of 0.64, 0.86 and 0.85, respectively. Thus these waves appear to be highly Alfw%ic and. .
are propagating outward from the sun. Such high correlation values for the transverse

components (T and N) are unusual for such long time intervals (24 hr). Analyses of in-ecliptic

plasma usually are done over 6 to 12 hrs (to illustrate Alfv6nicity). If the polar coronal hole

Alfv4n waves are intrinsically the same as coronal hole waves near the ecliptic plane, the lack of

pure Alfvt?nicity of waves detected near the Earth imply that either stream-stream interactions or

the wrapping up of the IMF must be important for the development of turbulence.

To compare wave properties near the center of the polar coronal hole to those near the edge, we

select seven (7) intervals of two days each. Each interval was selected to be within the trailing

portion of a high-speed stream to avoid stream-stream interaction regions. Alfw?n waves were

present. The intervals are shown in Table 1. We have shown the average solar wind speed,

density, proton temperature, radial distance and heliographic latitude for each interval as well.

Power spectra were calculated for each of the intervals. These spectra were normalized by

dividing by the average magnetic field magnitude squared. This was done to be able to

intercompare values at different radial distances when the field strengths were significantly

different. The normalized power, or Bo2/B02,is also a more fundamental parameter in physical

terms. It can be used to calculate resonant pitch angle scattering by transverse waves (Kennel

and Petschek, 1966; Tsurutani and Lakhina, 1997c).

Although all seven intervals were analyzed, for brevity, we illustrate only two in Figure 7, the

results for days 20-21, 1991 near the ecliptic plane (-2° latitude) and days 238-239, 1994 near

the south pole (-79° latitude), are shown. The normalized power spectra for these two -2 day

intervals are shown in the top row of the Figure.
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The normalized transverse power spectra and the normalized magnetic field magnitude power

spectra were calculated and are given as the top left two panels. To determine the “transverse

power” spectra, we first determine the average field direction over the interval, transform the

magnetic field into this coordinate system and then calculate the power in the two orthogonal

components. The “transverse power” is the average of the power in these two components. The

value obtained will be a lower limit, especially if the ambient field had significant directional

variations during the two days. Possible variations can be checked either by simple visual

inspection or by comparison of the magnitude of the transverse power to the power in the field-

aligned component. In comparing the latter, we note that the power in the transverse component

was considerably greater than that of the field-aligned component (not shown), indicating that

the directional variations was not a major problem.
,.’

In examining the results in the top four panels of Figure 7, we note that the spectral shape over

the frequency range of 10+ to 10-1Hz is ~lc to ~17, independent of latitude or whether one is

examining the transverse component or the field magnitude component. The normalized

transverse wave power over the pole is a factor of -2 times that in the ecliptic (2 x 10A ~1’

compared to 1.0 x 10a ~lc), The same is true for the normalized field magnitude wave power.

The comparative numbers are 2.4 x 10-S~]c to 1.1 x 10-s F’c, respectively. The power in the

field magnitude is lower than the transverse component by a factor of -10.

The normalized wave power over ten-day intervals have also been examined. The results are

given in the bottom four panels of Figure 7. The intervals of study are days 20-30, 1991 and

days 230-240, 1.994. Since these intervals cover the two 2-day intervals just discussed, an

intercomparison can be made.

Figure 7b shows the normalized wave power between -10-3 to 10-2Hz. The transverse wave

power for the 10-day interval at high heliolatitudes (2.5 x 10A ~]c) is essentially the same as for

the 2-day interval (2.0 x 104 ~17). This is what one would expect from a region of continuous

high-stream flow with embedded Alfv4n waves. However, the results are different for the near-

ecliptic power spectra. The transverse power for the 10-day interval (4.0 x 10-5 ~’s) is

considerably less than for the 2-day interval ( 1.0 x 10-4 ~lA). There are several possible

explanations. Wave events in the ecliptic plane often only last a few days and not 10 days. Thus

the spectra could be taken over a “pure” mix of Alfvdn wave events plus more quiet solar wind

conditions. A second possibility is that longer intervals will encompass more field directional
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variations and the “average” direction will be less well defined. A third possibility is there is a

boundary region (near the sun) separating fast and slow streams and this region is intermediate in

Alfv6nicity. Most probably several of these factors contribute to these spectral differences.

There is about the same amount of compressional wave power in the 10-day interval (6.9 x 104

~’s) as in the 2-day interval (1.1 10-S~ls).

Discontinuity “Thicknesses”

The greater number of discontinuities in high-speed flows can be related to either some intrinsic

relationship between Alfw$n waves and discontinuities or to the fast convective flow of

discontinuities past the spacecraft. For the latter case, a faster flow means that thicker

discontinuities will be picked up by the computer selection criteria, and more of the discontinuity

thickness “distribution” will be detected. To explore this latter effect first, we examine

discontinuity thicknesses.

Figure 8 gives the discontinuity “temporal” thicknesses for discontinuities at -67° latitude at 3,0

AU. This is the day 154-155, 1994 interval of Table 1. We use “temporal” thickness rather than

spatial values because it is the “temporal” thickness distributions that is the issue here for the

computer selection criteria. Each discontinuity thickness was determined by hand-analysis of

high resolution magnetic field data. The 2/e (65%) value of the total angular change was

determined to define the temporal thickness. The temporal thickness distribution for all of the

TS discontinuities detected during the 2-day interval is given in panel 7a.

The discontinuity spatial thicknesses can be determined by performing minimum variance

analyses to determine the minimum variance direction (or normal direction) and calculating the

thickness by the expression V~WAT cos O~vwhere V~Wis the solar wind speed, AT the temporal

thickness, and e~vthe angle between the discontinuity normal and the solar wind velocity vector.

For simplicity of calculation, we assume that the solar wind velocity lies along the - ~ direction

(in reality the velocity may deviate a few degrees from this direction in polar coronal hole high-

speed flows). Making this simplifying assumption only leads to minor errors. The spatial

thickness distribution for days 154 to 155, 1994 are shown in Figure 8b.

In the above calculations, it was assumed that the discontinuities were simply convected by the

solar wind. This is true if the discontinuities are TDs. On the other hand, if most of the events

are RDs (we will argue this case later), then the discontinuity structures will be propagating
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relative to the solar wind. The Alfwfn speed varies from 40 to 70 km S-*,whereas the solar wind

varies from 400 to 800 km S-l. Thus the RD propagation is only a - 10~ocorrection factor, and to

first order can be neglected. For our purposes, we can assume that both RDs and TDs are simply

convected by the solar wind.

The distributions in Figure 8 indicate that most discontinuities are small scale features. There is

a “tail” to the distribution but the number of discontinuities falls off with increasing thickness.

A simple calculation using the solar wind speeds and the top panel values, can be used to

demonstrate that the increased solar wind speeds cannot be the total cause of the ROID value

increase in high-speed streams. The solar wind speed during days 154 and 155 was a near-

constant -750 km S-l. If the solar wind speed were lowered to slow speed values of -400 km S-l,

then some of the thicker discontinuities would be missed. An upper bound on this number can

be easily calculated in the following manner. The TS selection method detects all discontinuities

with thicknesses less than 60s. Discontinuities with thicknesses between 60s and 120s can be

detected without bias if their location is well placed (start and stop times) within the time

interval. Discontinuities thicker than 120s can also be detected if their vector changes

( fi/ IB 1) are sufficiently large (>0,5). Thus the cutoff on the 60s thickness discontinuities

would be 400 km s-1/750 km S-lx 60s or 32s. All discontinuities with thicknesses less than 32s

in Figure 8 would be detected in a 400 km S-l solar wind stream. From Figure 8a, that would

correspond to 89 on of the 171 discontinuities, or a ratio of -2.0, Some of the thickness

discontinuities would also be detected in a slower speed stream, so as previously mentioned, this

is only an upper limit on the ROID value variability. Similar analyses have been done with LB

discontinuities, and similar results were found.

The solar speed variations cannot account for the ROID value variations of -5 to -10. Thus,

some other explanations must be found,

The Relationship Between Discontinuities and Alfv4n Waves

Figure 9 illustrates one 24-hr period of the interplanetary magnetic field at high heliographic

latitudes. This is day 17, 1992. Ulysses was in the elliptic plane (-6.0 latitude) 5.2 AU from the

sun. The field is displayed in RTN coordinates. The TS selected discontinuities are identified by

vertical lines. By visual inspection, one can note a relationship between slowly rotating fields
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(Alfw?n waves) and the sharp directional changes (DDs), Most of the DDs exhibits little or no

magnetic magnitude changes, indicating that they are most likely rotational in nature.

Discontinuities often occur at the edge of slowly rotating fields. Figure 10 shows such an

example. This interval occurs on day 210, 1995 when Ulysses was at +80.2” heliographic

latitude, Other examples have been noted in the ecliptic plane

were essentially the same.

The magnetic field is plotted in minimum variance coordinates

and at rnidlatitudes. The results

where B,, B2 and B3correspond

to the field component along the maximum, intermediate and minimum variance directions.

Point 1 at 2325:31 UT designates the start of a slow field rotation seen primarily in the B,

component. Point 2 at -2340:47 UT is the end of the slow rotation and the start of a faster field

rotation interval. Point 3 is the end of the fast field rotation and interval of analysis. The top

panel displays the field in minimum variance coordinates. The bottom panel is a hodogram of

the B1 - Bz components. In the latter panel, the field rotates from left-to-right in an arc. From

point 2 to 3, the field rotates back, completing the “arc” rotation. The field rotation is, to first

order, noncompressive. The rotation occurs in a plane (not shown). Thus the discontinuity is

believed to be part of the Alfvt$n wave, and thus we say that the Alfvt?n wave is “phase

steepened”, there is more phase rotation at one edge of the wave,

Riley et al, (1996) have shown that in the ecliptic plane, the arc-polarized waves account for 5 to

1O$ZOof the Ulysses data set. The waves are propagating outward in the rest frame of the solar

wind plasma. An example of a 2 hr and 40 tin sequence of waves on day 250, 1991 is shown as

Figure 11. Here B== Bl, Bi,l = Bz.

A schematic illustrating the difference between planar waves and spherical waves (when the

field magnitude is preserved) is shown in Figure 12. For planar waves (panel a), there are two

fundamental polarizations, circular and elliptical (where linear polarization is a mix of equal

amplitude left-and right-circular polarization) with left-handed and right-handed rotations. For

large amplitude waves where the magnetic field is constant (panel b), there are circular and

elliptic polarizations possible, and also an arc-polarization. The circular and arc-polarization

perturbation vectors occur in a plane, while elliptically polarized waves are three-dimensional

(not planar). Note that arc polarization is the large amplitude equivalent to the small amplitude

linear case. Tsurutani et al, ( 1997b) have suggested that interplanetary waves are spherical arc-

polarized structures.
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Alfv6nic Shocks?

Because noncompressional Alfv6n waves have speeds intermediate between fast (magnetosonic)

and slow (sound) waves in the solar wind, in MHD they are considered “intermediate” waves.

Thestrong phase steepening indicates that dispersion andperhaps dissipation is occurring. To

investigate the possibility that these discontinuities are Alfv6nic (or intermediate) shocks, we

examine the jump (upstream versus downsteam) conditions across the discontinuities.

Since the Alfv4n waves in the polar regions above the sun are almost propagating purely

outwards, this is an easy test for us to make. We simply assume all of the waves are propagated

radially outward. Thus, in standard notation, the antisunward region is region 1 or the

“upstream” region, and the sunward region is,region 2, or the “downstream” region.

Figure 13 shows the relative jumps in density, temperature, magnetic field strength and velocity..
plotted against each other. In each case we ‘use a standard rotation: AX is equal to X2 - X1 and X

is Xl. Basically, we find the solar wind parameter jumps vary by - 10Yo,but not in any consistent

fashion. The variations appear to be random. Thus we find no obvious dissipation effects in the

statistical analyses.

The lack of a pattern to the jump conditions does not mean that these phase steepened Alfv4n

waves are not intermediate shocks. It simply implies that if there is dissipation, the process is

much slower than the short interval of the measurements of the interplanetary parameters.

North-South Asymmetries?

One fundamental question concerning the heliosphere is: are there north-south asymmetries?

This is related to cosmic ray particle transport, size of the polar coronal holes and magnetic fields

in the two regions. To answer the question of possible asymmetries, all discontinuities within 1

month near the north polar pass (days 201-231, 1995, heliographic latitude +80”) were compared

to one month near the south pole (days 226-256, 1994, heliograph latitude -800). Figure 14

shows the TS ROID value plus other interplanetary parameters, It is noted that the plasma

density, temperature, magnetic field magnitude and ROID value are slightly higher at the north

pole compared to the south pole. However, the two polar passes occurred at slightly different

radial distances, and this must be taken into account. At the north pole at 2.0 AU, the ROID

value is 115 DDs/day. At the south pole at 2.3 AU, the ROID value was 105 DDs/day. If one

normalizes the south polar data by the previously determined radial gradient of e-”-[ “s AU, the
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south pole value would be

asymmetry in ROID values.

113 DDs/day at 2.0 AU, Thus there is no obvious north-south

Evolution of Nonlinear Alfvdn Waves and Rotational Discontinuities

Medvedev et al. (1998) have studied the nonlinear dynamics of Alfw?n wave trains in a ~ - 1,

isothermal plasma, using the kinetic nonlinear Schroedinger (KNLS) model. They find that the

combined effects of wave nonlinearity and Landau damping result in the stationary ‘S” and arc-

polarized rotational discontinuities. Buti et al. (1998a) analyzing Alfvt% waves propagating in a

medium with nonuniform densities and inhomogeneous magnetic fields, find that waves

steepened and can be accelerated. The numerical solution, a form of a modified derivative

nonlinear Schroedinger equation (MDLS) evolves into turbulence due to inhomogeneities.

Vasquez and Hollweg (1998a, b) have also attempted to explain the formation of arc- polarized

rotational discontinuities associated with Alfv6n waves. From a 2- 1/2 D hybrid numerical

simulations of oblique Alfw$n waves with linear polarizations, it is found that the Alfvt5n waves

evolve into spherical waves with arc-polarization. Vasquez and Hollweg (1998a) suggest that

the RDs are steady with their normals oblique to fio. Vasquez and Hollweg ( 1998b), attempt to

produce RDs with small normal angles to ~0. To do this they start with linearly polarized waves

with propagation angles S 10° to ~=8n~NikTi / IB [2. The waves, even for small amplitudes.

tend to steepen and form RDs with normals nearly along ~0. However the authors find that the

RDs constantly widen due to dispersion effects. The authors conclude that Alfw$n waves with

embedded RDs “must evolve through a succession of arc-polarized or spherically polarized

waveforms as they travel outward from the sun”.

TDs versus RDs

From the previous discussion, because there is such a large increase in DD rates within high-

speed streams, one would certainly expect all increases to be associated with an increases in

occurrence of RDs. Also since there are no major streams present (but there are “rnicrostreams”:

Neugebauer et al., 1995), there should not be many TDs found associated with stream-stream

interactions. During the 1994-1995 period of solar minimum, the heliospheric current sheet was

in the ecliptic plane, and there also should not be TDs associated with neutral sheets at high

heliographic latitudes as well (Smith et al., 1993).
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To identify the discontinuity type, we follow the Smith (1973 a,b) method of using discontinuity

“phasespace’’regions. Thetinimum variance method isagain used torotate the IMF into this

system to determine BJ, the normal to the discontinuity. We divide by the larger field magnitude

on either side of the discontinuity and also measure the field magnitude jump across the

structure. The particular “phase space” we use is BJ/BL and A I~ l/B~ where A IE I is the

magnitude of the field vector change across the discontinuity and B~ is the larger field magnitude

on either side of the discontinuity.

For 4 days where Ulysses was over the north heliographic pole (days 218-221, 1995), all 416

discontinuities that were selected by the TS criteria were analyzed, These are displayed in

discontinuity phase space as Figure 15. Events with large AIB1/BLand small B#3~ are identified

as TDs, The cutoff for this type of discontinuity is arbitrary, but we use AIB1/BL>0.2 and B#3~

<0.2. The number of clear TDs is 6.1% of the total.

Ho et al. (1995) examined the 1486 discontinuities identified during 15 days near the south pole.

They identify 78 clear TDs or an occurrence rate of 5.2% relative to all DDs. This number is

also quite close to values taken inhear the ecliptic plane. A range of 2.59?0to 12,7940was found

by Smith (1973a), Neugebauer et al, (1984) and Lepping and Behannon (1986) for in-ecliptic

data analyses. Thus the TD occurrence rate at high heliographic latitudes is surprisingly large,

percentage wise.

Nature of Tangential Discontinuities

TDs have been detected at the edges in dips in the magnetic field magnitude. These dips have

previously been named magnetic holes by (Turner et al,, 1977) and have been recently related to

mirror mode structures (Tsurutani et al., 1982) by Winterhalter et al. (1994) and Ho et al. ( 1995).

Typically there is pressure balance across the holes. It is generally found that the plasma in

adjacent regions to the holes were stable against the mirror instability and unstable within the

hole. The instability criterion is:

R=(~L/~ll)/(l+ l/~L)

where the plasma “beta” ~=8n Z NikT, / IB 12and the” Z” in the plasma pressure is over all ion
i I i

species and electrons. “J-” and “II” indicate components perpendicular and parallel to the

ambient magnetic field direction.
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An example of a hole is shown in Figure 16, taken from Winterhalteret al. (1994) and the

tangential discontinuity at the edge of a hole with the instability criteria plotted simultaneously

(from Ho et al., 1995), Figure 17. Note that the mirror instability is satisfied within the hole, but

not outside it.

In the Turner et al. (1997) work, their holes were isolated structures, However one often finds

more complex structures like that shown in Figure 17. When the field decrease structures are

complex, there are typically only discontinuities at the two edges of the major structure. There

are generally few TDs with these complex holes,

It is believed that because of the plasma is stable to the mirror mode in the region adjacent to the..
holes, the instability may have occurred closer to the sun and these structures are simply plasma

“fossils” that are being convected outward into the distant heliosphere. However, it should be

noted that within a hole, where ~ >> 1, the instability criteria becomes = ~~ / ~il>1, which is

relatively easy to satisfy. Here the fact that mirror instability is met within holes may be

fortuitous. These structures could be a result of other plasma processes as well,

Ho et al. (1995) detected current sheet-related TDs. This is shown in Figure 18. In this event the

current sheet was located on the gradient of a microstream. However, not all current-sheet

related TDs were found to be so related.

The multilayer structure of TD has been reproduced by a kinetic model (DeKeyser et al., 1996a).

A generalized Vlasov model is used. A best choice is selected for the velocity distribution

function and therefore “predicts” the plasma parameters in the absence of high-time resolution

plasma measurements.

Figure 19 shows one simulation of a TD. There are several current layers with current density of

the order of 3 x 1011A m“2. There is an electrostatic potential of less than 50 mV, indicating an

extremely weak field along its normal. DeKeyser et al. comment that such models do not

address issues of particle accessibility and also mention that the current layers with large shears

and/or gradients may be unstable to the growth of electromagnetic plasma waves and may be in a

state of turbulence rather than equilibrium,

13



8/05/98

Another work by DeKeyser et al. ( 1996b) has implied non-Maxwellian electron and ion velocity

distribution functions within the transition layer. The nonconstant solar wind bulk velocity is a

major reason why the plasma develops current carrying boundary layers.

slow Shocks

One of the rarest of discontinuities in interplanetary are shocks. Of the various types of shocks

(fast, intermediate and slow), slow mode shocks are the rarest, Over the last few decades of

interplanetary space missions, only a few have been reported in the literature (Chao and Olbert,

1970; Richter, 1991). The reason for the rarity is most probably that slow-mode shocks develop

in regions where collisionless damping of slow mode waves is small and the damping time

exceeds the wave steepening time, This requires that plasma ~ <1and TPfl~ <1, conditions not

typically found interplanetary space.

However in the Ulysses data, some slow shocks have been detected, and in fact, a slow shock

pair (forward and reverse) has been found for the first time! This pair of slow-mode shocks is

located embedded within a CIR where the above plasma conditions were met (at 5.3 AU and 9° S

heliolatitude). It is possible that at even larger radial distances slow mode shocks may be even

more common.

Figure 20 shows the plasma and field data for the shock pair (from Ho et al., 1998). The two

shock discontinuities are denoted by the vertical lines, The forward slow shock occurs at 0710

UT and the reverse slow shock at 1105 UT. At the first event, VsWincreases from 425 to 463 km

S-l,NP from 0.6 to 1.2 cm-3,and TP from 0.4 to 0.5 x 10s K. IBIdecrease from 1.4 to 1.1 nT. At

the second discontinuity, V~Wincrease from 447 to 500 km s-l, NPdecreases from 0.2 to 0.07 cm-

3, and TP decrease from 1,5 to 0.6 x 10s K. IBIincreases from 1.2 to 1.7 nT. The shock speeds

have been calculated to be 60 km S-*and 115 km s-’, respectively, These speeds are not unlike

those of Ulysses fast-mode shocks at these distances.

These slow mode shocks may be associated with magnetic field reconnection. Energetic 30-90

keV electron and ion acoustic-like plasma waves were associated with this event. This may be

one form of magnetic energy dissipation.

Alfvdn Waves and Geomagnetic Activity at the Earth

In the ecliptic plane, fast corotating solar wind streams (-750-800 km s-1, emanating from

coronal holes will overtake the slower streams (-350-400 km S-l). The “collision” between the

14



streams will lead to a region of compressed magnetic fields and plasma. This compressed region

of fields are called “corotating interaction regions” or CIRS (Smith and Wolf, 1976). When CIRS

are detected far from the Sun, they are bounded by fast forward (FS) and fast reverse (RS)

shocks, and the fast and slow stream material are separated by an interface surface (IF) generally

believed to be a TD. However closer to the sun, near the Earth at 1 AU, CIRS typically do not

have either forward or reverse shocks (Tsurutani et al. 1995a). The Alfw?n waves in the high-

speed streams appear to be compressed as they cross the reverse shock, i.e., their amplitudes are

magnified. A schematic for the above discussion is shown in Figure 21.

Interplanetary Alfv6nic (transverse) fluctuations appear to be more or less random in direction.

However, when the fluctuations happen to be in the north-south direction, they can have very

important geophysical consequences. Southward directed IMFs will allow connection between

the interplanetary magnetic fields and the Earth’s magnetopause (northward directed) magnetic

fields (Dungey, 1961). Connection allows an input of solar wind energy into the

magnetosphere/magnetotail system and results in energy injection into the nightside

magnetosphere and ionosphere in the form of substorms. The relationship between these

southward components and a nightside auroral electrojet (AE) index is shown in Figure 22. For

each southward turning, the AE index increases, indicating substorm activity and auroral particle

precipitation.

During the declining phase of the solar cycle, polar coronal holes become large and migrate

down to equatorial latitudes, When coronal holes from both poles are present at the equator

(such as during 1973-1975), two high-speed streams impact the Earth’s magnetosphere each 27- .

day solar rotation. Under these conditions, the input of solar wind energy into the.
magnetosphere is exceptionally high, higher than during solar maximum, In 1974, the average

AE was 283 nT compared to only 221 nT in 1979 (solar maximum). Although there were many

more intense (Ds~ e -100 nT) magnetic storms during 1979 than during 1974, these are episodic

events and only contribute a small amount of energy in comparison to the almost continuous

energy injection due to the Alfv4n waves and resultant High Intensity, Long-Duration

Continuous Auroral Activity (HILDCAAS) events.

SUMMARY/FOREFRONTS

Many new discoveries concerning interplanetary discontinuities were made by the Ulysses

mission. The discovery that the RDs were the phase steepened edges of nonlinear Alfv6n waves

was one of the major finds of the Mission, The consequences of such features in the
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interplanetary medium is currently being explored. In fact, nonlinear waves and wave phase

steepening are part of a new emerging field in plasma physics. A merger of space plasma,

fusion plasma and mathematicians are hard at work grappling with both theory and observations

to try to understand these features (Hada and Matsumoto, 1996).

Besides the problems listed above, there is still much more to do and learn. It is not understood

why perfect, ideal RDs (AIB1/B~= Oand Bn/B~= 1) and perfect TDs (AIB1/B~and Bn/BL= O)exist

only rarely in nature. Such pure TDs and RDs are generally not found in interplanetary space.

The reason for this is not known.

So far only two regions of discontinuity phase space have been dealt with. In Figure 15, the

region AIBl/B~ >0.2 and &/BL >0.2 has, not been studied. This region of phase space is

ordinarily thought to be the region where interplanetary shocks are found. However, clearly fast

forward shocks are not present at these high latitudes. These discontinuities must be due to some

other phenomenon. This needs to be investigated further.

The region of AIB1/BL<0.2 and BN/BLe 0.4 also needs to be studied. Neugebauer et al. (1984)

using field and plasma data, found that many of the discontinuities with “properties of both TDs

and RDs” were in actuality mainly RDs,

One clear outstanding problem is the determination of the direction of propagation of RDs.

Figure 23 shows the minimum variance direction of the discontinuities from days 154-155, 1995

in the RTN coordinate system, This pattern looks quite isotropic, a somewhat surprising

outcome. However, it should be noted that for arc-polarized structures, almost all of the variance

will be in the B~direction with very little in Bz, Thus the ratio of L2 / ~3will be generally close

to 1.0, making the uncertainty in determination quite large. There is also a physical problem

with this issue as well. If, as everyone has agreed, the Alfw$n waves are propagating radially

outward, then the leading or trailing edges should be directed in the antisunward or sunward

directions, respectively. The minimum variance direction is more or less isotropic as has been

noted and individual examples have indicated directions orthogonal to the radial.

Tsurutani (1997) in examining this issue, believe that for spherical waves, the minimum variance

direction may not be the direction of propagation, but the intermediate variance direction instead.

Arguments have been made why an orthogonal directionality would imply a left-hand and a

right-hand wave coupling, which would soon dispersively separate. Thus the RDs would soon

pull away from the slowly rotating part of the Alfw% wave. Currently mutlispacecmft studies

16
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are focusing on this topic, The ultimate answer might come when the Cluster mission finally

gets launched.
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Figure Captions

Figure 1.

Figure 2

Mass flux and magnetic field change across idealized discontinuities.

Schematics of idealized rotational and tangential discontinuities. From Tsurutani et

al. (1997a).

Figure 3. The in-ecliptic rate of occurrences of interplanetary discontinuities (ROID) values

from 1 to 5 AU. The solid curve is the results of the TS criteria and the dashed curve that of the

LB criteria.

Figure 4. The solar wind plasma and magnetic field and rate of interplanetary discontinuity

(ROID) values for the TS and LB criteria, from Tsurutani et al. (1996a).

Figure S. Nonlinear (@/I B 1-1- 2) Alfv4nic fluctuations for July 1994. These fluctuations

are characteristic of high-speed streams emanating from polar coronal holes, From Tsurutani et

al. (1996a).

Figure 6. The BR - VR,BT - VT,BN - VN cross-correlation coefficients for the interval in

Figure 5.

Figure 7. Comparison of normalized magnetic field power spectra over the solar pole “

(–79” latitude) in a high-speed stream in the ecliptic (- 1.9°) Iatitude)plane.

21



WOS198

Figure8. Thetemporal (top panel) andspatial (bottom panel) ``thicknesses' 'ofinteqlaneta~

discontinuities at –67° latitude and 3.0 AU. The spatial thickness for each individual

discontinuity detemined bydividing thetemporal ``thichess'' bythesolar wind velocity. The

discontinuity normal direction wasalso t~eninto account. From Tsurutani etal. (1996a).

Figure 9. The magnetic field at 5,2 AU at -6.0” latitude. Many of the TS selected

discontinuities (vertical lines) occur at the edges of the more slowly rotating Alfv6n waves.

FromTsurutaniet al. (1997a).

Figure lO. The relationship between a rotational discontinuity (between points 2and 3)anda

slowly rotating Alfv6n waves (between points 1 and 2). The rotational discontinuity is the

phase-steepened edge of the Alfw?n wave. The wave is arc-polarized and to first order,

noncompressive.

Figure 11. In panel a), Bin,is plotted against B- for a 2 hour, 40 minute interval of day 250,

1991. Panel b), a 3-d display of the same data in panel a). Panel c), Bti~and IB1. From Riley et

al (1996).

Figure 1,2. The different possible polarizations for plane waves (left-hand panel) and spherical

waves (right-hand panel).

Figure 13. The normalized jumps in field magnitude, density and temperature across rotational

discontinuities. In each case, the difference value is normalized by dividing by the sunward

“downstream” value.

Figure 14. A comparison of discontinuity occurrence rates over the north pole and over the

south pole. From top to bottom are the average solar wind densities, temperatures, velocities,

magnetic field magnitudes, TS ROID values, and Ulysses heliocentric radial distances and

latitudes. All ROID values are relatively constant, If the different radial distances of the two

Ulysses passes are taken into account, there is no obvious asymmetry present, From Tsurutani et

al. (1996b).

Figure 15. Discontinuity phase spaces (B@~, AIB1/B~)distributions for days 218-221, 1993 at

the north heliographic pole.
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Figure 16. Examples of ’’magnetic holes”. Bd$BO<0.5and 68<5” (linear holes) for both

cases.

Figure 17. An example of a TD at the edge of mirror mode related field decreases. Note that

the field decreases are complex and not as nicely ordered as for mirror mode structures detected

in planetary magnetosheaths. Taken from Ho et al, (1995).

Figure 18. A current-sheet related TD on day 239, 1994, Ulysses was at -79.3” heliographic

latitude. This event occurred at the gradient of a microstream. Taken from Ho et al. ( 1995).

Figure 19. Observed (dashed lines) and simulated (solid lines) of two components of the field in

minimum variance coordinates (rotated for convenience by -15°along the

X-axis). The normal field (Bx) is less than 15% of B magnitude. two dashed vertical lines

delimit the TD crossing centered at 0529 UT July 3, 1993. In the RTN coordinate system, the

normal is 0.96, -0.05, -0.30, indicating that the TD was essentially orthogonal to the solar wind

velocity vector. Taken from DeKeyser et al. (1996).

Figure 20. From top to bottom are: the solar wind speed, proton density, proton temperature,

magnetic field components in solar-heliospheric coordinates, field magnitude, plasma beta and

proton to electron temperature ratios.

Figure 21. The discontinuity normals for days 154-155, 1994. The normals are displayed in the

RTN coordinate system, Taken from Tsurutani et al. (1996a).

Figure 22. The interaction of a high-speed stream (B) with a slow-speed stream (A) and the

corotating interaction region (CIR) formed (shaded). The Alfw% waves present in the high-

speed stream proper (B) will be compressed as they are swept up by the expanding reverse

shock.
.

Figure 23. The IMF B magnitude, Bz, AE and Ds~ for day 136, 1974. Increases in B~ and AE

and slightly delayed decreases in Dw are illustrated.
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Tables

Table 1. Seven two-day intervals at a variety of heliocentric latitude used to intercompare

interplanetary “Alfv4nicity”. The average field magnitude, solar wind velocity, proton density

and proton temperature are given.

.,
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TSURUTANI ET AL.:

Ulysses
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